Observation of the room temperature ͑RT͒ anomalous Hall effect ͑AHE͒ and ferromagnetism in semiconducting like ͑carrier concentration ϳ10 19 cm −3 ͒ Co-doped ZnO samples is reported. These small AHE signals match quantitatively with the magnetic hysteresis and can be correspondent to the intrinsic diluted magnetic oxide ͑DMO͒ effect with spin polarized carriers. The contribution to the DMO effect depends on the types of carriers and how they incorporated into the electric conduction, magnetic coupling, and the coupling between them. These findings can provide useful information in the study of the origin of RT ferromagnetism in ZnO-based DMO and for further application in spintronics. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3000015͔
Transition metal ͑TM͒-doped oxide has recently been investigated as a promising room temperature ͑RT͒ diluted magnetic oxide ͑DMO͒.
1,2 A key issue for RT DMOs is whether the observed ferromagnetism is intrinsic or extrinsic. 3 The main problem for most previous studies on RT DMO is that the superconducting quantum interference device ͑SQUID͒ measurement ͑or magnetometry͒ can only reflect the overall magnetic state but cannot be used as a meaningful tool to diagnose whether the ferromagnetism is intrinsic or not. Besides dependable tools such as optical magnetic circular dichroism [4] [5] [6] [7] and field-control magnetization, 8, 9 the anomalous Hall effect ͑AHE͒ signal was assumed as a useful tool for characterizing the intrinsic ferromagnetic response and for providing evidence of the presence of spin polarized electrons. 9 For example, the AHE signal of p-type III-V magnetic semiconductors is stronger than its ordinary Hall effect ͑OHE͒ signal in a low magnetic field and shows a good fit with its magnetic hysteresis ͑M-H͒ measurement; therefore, AHE can be easily observed and is regarded as a substitute for M-T or M-H measurements. 10 However, the AHE signal is much smaller for DMO systems and because most DMO exhibits high resistivity, it is difficult to measure.
Only a few experiments for TM-doped TiO 2 DMOs have been reported because of the much weaker AHE signal. In Co-doped rutile ͑and/or antase͒ TiO 2 systems, reports observed that the AHE, similar to the III-V DMS systems, shows a good coincidence with a magnetic hysteresis at RT. They strongly suggest the occurrence of a single and intrinsic RT ferromagnetic origin and the existence of spin polarized carriers in these compounds. [11] [12] [13] However, in the case of TM:ZnO, which is also expected as a potential RT DMO especially for optospintronic applications, observations of the RT AHE are rare.
14, 15 Shim et al. 14 measured the AHE in Mn-doped ZnO samples and found that the saturated field ͑H S ͒ obtained from the AHE is in good accordance with Hs measured by a SQUID magnetometer. Their AHE was found at temperatures of up to 210 K while the ferromagnetic phase lasted to above 300 K.
14 They supposed the lack of AHE at elevated temperature could be related to a weak coupling of the conduction electrons to magnetic degrees of freedom. In additional to its intrinsic physical origins, one of the possible reasons for the lack of RT AHE signal of ZnO based DMO is larger noise due to higher resistivity. Noise reduction technique, therefore, plays an important role in detecting the small AHE signal for samples with low carrier concentrations ͑n͒. Very recently, RT AHE data were reported by Behan et al. in TM-doped ZnO films in which additional Al ionized dopants were used to provide a high carrier concentration level ͑n Ͼ 1 ϫ 10 20 cm −3 ͒ in their case, where AHE was in the metallic ͑degenerate͒ state. They concluded that when ZnO is doped into the metallic regime, it can behave as a genuine DMO. 15 However, they did not detect any AHE signal in the semiconducting state. This problem might be because of the difficulty in reducing noise or because different carriers from various dopants might act differently in the electric conduction, magnetic coupling, and the coupling of the conduction electrons to magnetic degrees of freedom. Nevertheless, if spintronics devices based on DMOs are to be attempted, then achieving ferromagnetism and spin polarized current in the low-carrier-concentration semiconductor materials is highly desirable. 16 In the present work, we report the observation of the RT AHE in the semiconductorlike Co-doped ZnO films without additional cation dopants. The ferromagnetic behaviors observed in the AHE measurements are found to be identical to the ferromagnetic behaviors measured by a SQUID magnetometer. Our results strongly suggest Co-doped ZnO DMO is a true n-type RT DMO even in the semiconductor transport regime with n in the order of 10 19 cm −3 , representing an extended feasibility for the design of RT spintronics devices.
Co-doped ZnO films were prepared by ion beam sputtering at RT using a multilayer ␦-doping technique on a ␣-Al 2 O 3 ͑0001͒ substrate with Co concentration ͑x͒ of about 3.5%. Details of similar sample preparation procedures have been described elsewhere. 17 After the growth, this film was divided into two parts. One of them was post-treated using vacuum annealing ͑VA͒ in ϳ3 ϫ 10 −6 torr at 350°C for 1 h.
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The electronic structures of Co dopants has been characterized by x-ray absorption near-edge structure ͑XANES͒ in the fluorescence mode. XANES is a fingerprint of the empty electronic state for the purpose of probing elements and is extremely sensitive in determining the possible presence of Co clusters in host oxides. The XANES spectra on Co K-edge for both the as-deposited and VA Co:ZnO samples are displayed in Fig. 1 . XANES from a standard Co foil is also provided as reference. In contrast with the marked shoulder around 7712 eV for Co metal, the Co K-edge spectra for these samples show a clear 1s to 3d pre-edge feature around 7709 eV, which is characteristic of substitutional Co 2+ in ZnO. 18 This indicates that the as-deposited and VA samples are in accordance with the Co cluster-free structure.
The magnetic properties were characterized by a commercial SQUID. Moreover, these films are photolithographically patterned into Hall bars with a channel 7000 m long and 500 m wide for AHE measurements at RT. The magnetic field was applied normal to the film plane by using a bipolar magnet providing a maximum field of 1 T. In order to measure the weak AHE signal in DMOs, we use a noise reduction circuit combined with a digitizing measurement technique. The configuration of the noise reduction circuit for reducing noise is illustrated in the upper inset of Fig. 2 . When the drive current is turned on, the current pulses ͑Ϯ10-50 A for 1.5 s͒ are injected into the Hall bars. This procedure is repeated ten times to acquire an average Hall voltage to diminish the effect of thermal noise. Figure 2 shows the transverse Hall resistivity ͑ xy ͒ measured as a function of the magnetic field ͑H͒ for asdeposited and VA samples. In order to eliminate any magnetic-field effects which are an even function of field, the data were obtained by a simple subtraction from the raw Hall resistivity ͑ raw data͒ using the expression:
xy ͑↓͒ = ͓ raw ͑↓, + ͒ − raw ͑↑,− ͔͒/2 and xy ͑↑͒ = ͓ raw ͑↑, + ͒ − raw ͑↓,− ͔͒/2, where ↑, ↓, ϩ, and Ϫ represent the increasing, decreasing, positive, and negative external H, respectively. 19 When xy is nearly linearly dependent on the applied H dominated by the Lorentz force especially at a high field region, it is known as the OHE. From the OHE contribution deduced from the linear slope in the high field, the n for as-deposited and VA samples can be estimated as about 2.6ϫ 10 19 and 3.3 ϫ 10 19 cm −3 , respectively. However, by taking a closer look, as shown in the lower inset of Fig. 2 , the xy -H line is not a single line, but instead manifests a small open gap area near the low field region. It should be noted that only magnetic samples show the AHE signal with an open gap at low field. In a ferromagnetic material, the xy can be expressed empirically as xy = R 0 H + R A M, where H, R 0 , and R A are the applied field, OHE, and AHE coefficient, respectively. Figure 3 and its inset, show, after subtraction of the OHE contribution, a small but vivid anomalous Hall resistivity ͑ AHE ͒ signal ͑hollow symbol͒ for as-deposited and VA samples, respectively. The H dependent perpendicular components of magnetization ͑M Ќ ͒ for the two samples at RT are plotted as dashed lines. The nonzero coercivity M-H loop indicates this sample is RT ferromagnetic. These AHE -H curves match quantitatively with the M-H loops, indicating that the AHE is mainly affected by magnetization response rather than from other magnetic field effects on nonmagnetic materials. A comparison of the anomalous Hall conductivity AHE , which is considered as an essential measure of the strength of AHE obtained by the relation AHE 
shows that the for as-deposited and VA samples are 7.2 ϫ 10 −5 and 6.4ϫ 10 −5 ⍀ cm −1 , respectively. This value is about 100 times smaller than p-type Ga 1−x Mn x As. 21 The possible reason for this is the weaker interaction between the localized magnetic moment ͑spin͒ and the conduction election ͑orbit͒ in the n-type ZnO DMO. However, some groups have also concluded that such a small AHE is likely due to the electron spin polarized by nano magnetic clusters, not by the intrinsic DMO effect. 22 To know if this effect exists in our samples, it is necessary to estimate their possible Coclustering. Since the resolution of XANES is less than 10% and the Co content in our samples is around 3.5%, the total possible Co-clusters will be less than 0.35%, which is much lower than the percolation limit for long range magnetic ordering contributing to the ferromagnetic signal. Therefore, the magnetic Co cluster should not take a significant role for the appearance of AHE.
The longitudinal resistivity ͑ xx ͒ of these samples can be well described by the variable range hopping process in the low temperature regime, 23 
, where A and T 0 are fitting parameters, and T 0 correlates with the hopping probability and are in agreement with Behan's results in the insulating state. 15 However, the AHE data of their Co and Al codoped samples appear only in the metallic regime ͑de-generate semiconductor, with n Ͼ 10 20 cm −3 ͒ but is absent in the insulator ͑or semiconductinglike͒ region. With an effective noise reduction circuit, we succeeded in measuring the AHE signal in the semiconducting state. This observation of RT AHE signal demonstrates the existence of some spin polarized electrons in our semiconducting Co-doped ZnO samples without any additional doping, but with only native defects such as oxygen vacancies or zinc interstitials. This discrepancy with the results of Behan et al. strongly implies that different carriers produced by different donors play different roles 24 in the electric transport, magnetic coupling, and AHE. We believe this finding is useful for manipulating the RT ZnO-based DMO materials with spin polarized carriers in the semiconducting or metallic regimes.
In summary, we have succeeded in measuring the RT AHE signal for the semiconducting Co-doped ZnO films with n in the range about 10 19 cm −3 by incorporating a proper noise reduction technique. The AHE curves are approximately quantitatively consistent with the M-H loops, indicating the existence of spin-polarized carriers. The small AHE strength of present samples is comparable to that of reported DMO, which implies a similar origin of ferromagnetism and AHE. The discrepancy between the measured AHE signal of our samples and the absence of AHE signal in the samples of Behan et al. in semiconducting regime strongly implies that carriers produced from different sources act differently. Our observation of RT AHE in ZnO based DMS films in the semiconducting regime is useful to understand the origin of ferromagnetism in ZnO-based DMSs and might provide significant potential for use in the RT spintronics devices. This project is supported by the National Science Council in Taiwan under Grant No. NSC-95-2112-M-110-011-MY3.
